Hsinchu 30043, Taiwan, R. 0. C. University, Toxic air pollutants were investigated in a petrochemical industrial park in Taiwan using a movable open-path Fouriertransform infrared spectroscopy (FTIR). The results show the qualitative and quantitative analysis of emission gases from plants, and also provide the emission rates of various compounds. More than twenty compounds under usual operation were found from this industrial park. The concentration variation with time could be correlated exactly with the distances from the emission source along the wind direction. This means that by changing the measuring points the source of emission could be unambiguously identified. The point, area and line source (PAL) plume dispersion model has been applied to estimate the emission rate of either a point or an area source. The local atmospheric stability was determined by releasing an SF6 tracer. The origin of errors came mainly from the uncertainty of the source configuration and the variation of the meteorological condition. Through continuous measurement using a portable open-path Fourier transform infrared (POP-FTIR) spectrometer, the maximum value of the emission rate and the annual amount of emission could be derived. The emission rate of the measured toxic gases was derived by the model technique, and the results show that the emission amount is on the order of ten to hundred tonnes per year.
The demand for an air-monitoring technique, has in recent years caused an increase in studies concerning instrument performance and the application of equipment. Also, in view of industrial hygiene and environmental health, the measurement of air quality in industrial parks can offer related evidence concerning environmental impact to the bio-sphere. The research of rural air quality in Taiwan by using FTIRs (Fouriertransform infrared spectrometry) in our laboratory) has now been switched to measuring the air quality in the industrial park. 2 The characteristics of the FTIR monitor have been well documented in some papers and textbooks.)-5 Viewed from the measurement of toxic gases in industrial parks, the advantages of applying FTIRs include its simultaneous multi-component measurement, in-situ and real-time data treatment and non-sampling long-term monitoring. These characteristics allow this method to search out most of the company-related volatile organic compounds (VOCs) in the air as long as the existing concentration is higher than the instrument detection limit (in the order of ppbv). Nevertheless, the results of measurements (qualitative and quantitative analysis) provide only the condition of air quality in the vicinity of plants, but not the fugitive emission condition of the processes within the plant.
One of the methods that can be used to estimate the total compounds' fugitive rate invokes some dispersion models with the analysis data. According to a preliminary draft concerning the operation of FTIRs in field measurements by the US EPA6, one of the recommended methods to estimate the emission rate is the PAL (point, area and line) model' method.
Leo et al. 8 in their paper about estimating the VOCs emission rates from Superfund Sites gave a more detailed calculation of the emission rate utilizing the PAL model in these PAL model applications, and some applications of the PAL model in another presentation. 9 However, since a lack of real measurement data is used, many uncertainties must be considered in the PAL model calculation.
The use of a related model to estimate the emission rates in field applications involves a consideration of some topographic limitations that are not found in ideal cases. Moreover, a dramatic variation in the atmospheric instability can also influence the accuracy of any estimation.
In this paper, the real measurement results using open-path FTIRs are presented, which are used for a more pragmatic method to estimate the pollutant emission rate from each specific plant by using the PAL model.
Experimental

Apparatus
The instruments employed in this study were a homemade multiple-reflection open-path FTIR (described elsewhere1) and a commercial (ETG Inc., GA 30071, USA) double open-path FTIR system.
All of the experiments carried out and the spectra data used results from an ETG open-path FTIR system comprising an FTIR unit, a corner-cube based retroreflector and an IBM-compatible 486 PC. A Casegrain telescope was attached to the front of the FTIR sensor, and a standard mid-band MCT detector was supplied with a liquidnitrogen cooler.
A port for filling the detector with liquid nitrogen was positioned on the top of the sensor enclosure.
The retroreflector comprised a panel of a gold-coated precision corner cube mounted in a protective housing and held by a smaller tripod placed at the end of the measurement path facing the telescope.
A total of 64 interferograms were co-added for each spectrum; it took about 5 min to take a full spectrum, including a Fourier transform.
The single-beam spectrum consisted of 32768 data points over the rage of 400 to 4500 cm 1. This interferometer generated a maximum spectral resolution of 1 cm 1. The data manipulation software used was the Lab Calc software (provided by Galactic Corporation, NH, USA) package with enhancements provided by ETG. Reference spectra were provided by both laboratory-calibrated 0.5 cm 1 resolution spectral and commercial ETG through Infrared Analyses, Inc, spectra.
The difference in the resolution between the laboratory-calibrated spectra and the ambient 1 cmy1 spectra was equalized by smoothing the 0.5 cm 1 spectra. The accuracy of reference spectra was evaluated by comparing the integrated band strength with other report data.l0
Instrument set-up
The open-path configurations used for data collection consisted of round-trip pathlengths of 160 to 800 m. The decision for the locations of the instrument set-up depended on the local prevailing wind direction and topography.
The scattering distribution of plants was another factor for determining the measurement site. About 2 h were spent to transfer and set up the instrument from one site to another.
Once the instrument was ready, the auto-sampling mode was set, which retrieved data every 0.5 h period to obtain time-series plots of the gas concentration.
Filling the liquidnitrogen to the MCT cooler was performed every six to eight hours.
A 2000 W gasoline-engine power generator (from Suzuki Inc., Japan) was equipped so as to generate electric power for instrument operation if no other power supply was available.
This power generator could last for more than 16 h for a full gasoline tank.
Meteorological data During a measurement, the related meteorological data were provided from a movable meteorological station (Grant SQ1257, UK) equipped on the roof of a van. Also, a local meteorological station in the industrial park provided data for comparison purposes. The movable meteorological station on the van offered more reliable data due to its being closer to the FTIR sensor.
Both of the meteorological stations were used to record data on a 5-min time base. These data included the ambient air temperature, relative humidity, barometric pressure, wind speed, wind direction, and solar radiation.
Tracer release system
The micro-scale meteorological condition is categorized by several different kinds of atmospheric instabilities.
SF6 gas was chosen for determining such atmospheric instability, because it is inherently inert and non-toxic. SF6 of one percent in nitrogen was released at several distances from the FTIR sensor; the emission rate was controlled by a mass-flow controller with a constant rate of 5.61/min. The tracer releasing pointt was about 120 cm up from the ground and upwind of the FTIR measurement path. variation of the concentration matching the meteorological wind direction and speed (described elsewhere"2).
The accuracy of the analysis values and the minimum detectable concentration depend strongly on the selection of the background spectra.
For the case of a highly polluted, high-moisture area, it is difficult to generate a simulated baseline spectrum (as mentioned in ref. 1) due to strong water absorption, which causes a distortion of the baseline curve in the single-beam spectrum. The sequential ratio method has been designed to successfully solve the baseline problem.
A group of single-beam spectra, which were obtained at the same measurement site, was ratioed one by following one in a time sequence to be converted into a group of absorbance spectra. These absorbance spectra were then used to carry out a quantitative analysis as long as the absorption peaks were more than the distinguishable level (about 0.001 absorbance unit). An analysis of the concentration resulted in both positive and negative values. The advantage of this method was to obtain a smoother flat baseline and a lower noise-level spectra. After obtaining the relative concentration values of each ratio spectrum, the next step was to determine the cleanest spectrum in this group. The cleanest spectrum was defined as a single-beam spectrum having the least pollutants, and close to the background concentration. This is the cleanest spectrum with a different analyte, which could be searched from the appropriate spectrum by comparing the concentration of the analyzed pollutants in the sequential spectra. If the ratio resultant spectrum showed a positive (higher concentration) or negative (lower concentration) peak, the higher concentration spectrum was eliminated. However, the lower one was reserved to make a ratio with the next one until the lowest one (the cleanest one) was searched out. The concentration of the cleanest spectrum was carefully derived from the absorbance spectra obtained by the ratio of the cleanest spectrum to the self-simulated baseline. The self-simulated baseline was generated by extrapolating the non-absorption points of the cleanest single-beam spectrum. The concentration of the analyzed pollutants in the cleanest spectrum was usually around or lower than the detection limit. After deducing the base concentration of the cleanest spectrum, the concentration of the other spectra could be worked out by adding the base value to the next one, and so can the other values. This method was especially powerful in analyzing the regular variation in the concentration of ozone. The other irregular variation in the concentration of fugitive gases could also be analyzed by applying this method to work out the absolute concentration.
The selection of a reference spectra can also play an important role in calculating the concentration of the ambient spectra. Some band strengths have been reported, and are documented in ref. 1 . The other band strengths that were used to analyze the toxic gases in industrial parks are summarized in Table 2 . These band strengths and their related absorption coefficients were used for calibrating the air-measurement spectra with 0.5 or 1 cm' resolution. The accuracy of the concentration of the gaseous analytes depended on such calibrated band strengths (or absorption coefficients), whose values do not change at atmospheric pressure and room temperature. The band strengths given in Table 2 provide information about an intercomparison among the different laboratory measurements. Figure 2 shows a typical gaseous spectrum that was obtained in the industrial park. The most upper one is an absorption spectrum obtained by ratioing two sequential single-beam spectra; the others are the reference spectra. The expanding of the spectra between 750 and 1300 cm 1 represents one small interference region from the water and carbon dioxide absorption peaks. Another region between 2800 and 3000 cm' is also shown at the corner of the ambient spectrum.
The 750 -1 300 cm' region provided a wealth of information about the existence of molecules.
Most of the volatile organic compounds with functional groups (C-0, C-H, C-Cl, 0-H, C=C and aromatic and so on) and inorganic compound (such as HNO3, NH3 and HCN) have their absorption band in the 720 -1300 cm 1 region. By examining the absorption peaks of the ambient spectrum in Fig. 2 , each compound-related absorption peaks could be inferred to their rough structures.
Also, the specific pollutants were identified by exactly matching the reference spectrum in a sequential scan of many reference spectrum of close structures.
For example, the ambient spectrum between 750 -1300 cm 1 was found to contain the absorption of 1,3-butadiene, ethylene, styrene, ammonia, cyclohexane and benzene.
The other residual peaks near the 1300 cm' are water-absorption lines. The C-H stretching, 0-D stretching, S-H stretching and Cl-H stretching vibration bands occur in the 2390 -3020 cm T' region.
Typical molecules having their characteristic absorption peaks in this region are some hydrocarbons.
For instance, the hexane and cyclohexane have been identified, as shown in Fig. 2 .
The analysis results show that the major pollutants in Fig. 1 , Site A, are cyclohexane, methanol arid vinyl acetate. The major toxic compounds at Site B are benzene, 1,3-butadiene, styrene, cyclohexane, hexane and ethylene oxide. Acetic acid and vinyl acetate exist at Site C. The major pollutants at site D include acrylonitrile, acetic acid, methyl acetate, styrene, hexane and 1,3-butadiene. These above-mentioned pollutants came mainly from the acrylonitrile monomer and methanol plants, EG and EO plants, an SM monomer plant, an acetic acid plant and a rubber plant.
One of the demonstration results is shown in Fig. 3 , which is the site B measurement result. The measurement lasted from March 13, 14:13 to March 14, 14:45 in 1995. A measurement of over 24 h contains 53 data points. From Fig. 3 , five pollutants are plotted into a time series curve. A slight change in the wind direction resulted in some fluctuation in the curve of Fig. 3 . Benzene, cyclohexane, butadiene and hexane are some typical solvents which are used in a rubber plant. The existance of these pollutants downwind is certain. The average concentration of benzene was 100 ppbv, cyclohexane was 380 ppbv, 1,3-butadiene was 90 ppbv and hexane was about 60 ppbv. 
Here (1), X(x,y,O:H) is the pollutant concentration in g m 3 at a point with coordinates (x,y,0). Where x is the downwind coordinate, y is the horizontal (crosswind) distance, and 0 is the zero vertical distance; Q is the uniform emission rate of pollutants from the source (g s-1); u is the wind speed (m s-'); His the effective height of emission (m); and o and u (in units of m) are the standard deviations of the horizontal and vertical distributions, respectively, downwind of the source. These standard deviations, which describe the spread of the plume, depend on meteorological parameters. The most common approach to determine u and Qz is based on the work of Pasquill and Gifford.ll PasquillGifford (P-G) stability categories (A -F) for the atmosphere were developed based on the wind speed, insolation, temperature gradient and extent of cloud cover (see Table 3 shown the specific categories A -F). The point, area and line (PAL) source model (US EPA proved) is used to calculate u and a as a function of the downwind distance (x) for six separate stability classes. The PAL model is still used to calculate the emission rate from the crosswind path integrated concentration measured by the open-path FTIR technique. u can also be measured using an SF6 tracer-releasing experiment at a controlled emission rate, and with the measured SF6 concentration.
The method for estimating the source emission rate in our laboratory is based on the above described Gaussian dispersion model. The developed procedure for obtaining the source emission rate is as follows:
Step 1. Arrange the FTIR sensor upwind and downwind along the prevailing wind direction according to the location and configuration of the plants. Under the circumstance of one prevailing wind direction (e.g., North, in the case of Fig. 1 ), the attribution of the source can be identified.
Step 2, Use. the measured tracer (SF6) concentration at several known downwind distances as well as the prepared known mixing concentration and emission rate of SF6; the P-G atmospheric stability can be determined in the vicinity of plant by the PAL model. The relationship between the standard deviation (cry) and stability can be determined a straight forward way by a Pasquill-Gifford curve calculation in the model. If the downwind distance is shorter than 100 m, the modelcalculated values of QZ should be carefully derived based on the model. If the experimental results show that the measurement values of the concentration are not exactly equal to the calculated values with stability A -F, then, the closest stability value should be selected. The difference between the measured concentration and the calculated value, which is derived by a model using the selected stability, is incorporated into the model in order to make a correction for the emission rate of the target pollutant in a subsequent model calculation.
Step 3. Most times, the infrared beam is not exactly perpendicular to the wind direction, and does not contain the whole plume in the crosswind direction. The concentration at a downwind point should be derived by calculating the concentration along the FTIR beam path at a spacing of every two 2 m across the infrared beam. The necessary parameters utilized in the PAL-model calculation are the estimated emission rates, source configuration and PAL (ref. 7) area source dispersion model to predict the area source concentrations, which are along the measurement path. The concentration is derived based on the relative emission rates, source configuration and c and u values that are determined based on the selective stability in step 2. Calculate the path-integrated values (concentrationXpath length) by summing the total product of the concentration of the downwind points with spacing values (2 m) crossing the entire infrared beam path.
Step 4. Scale modeling results of the calculated pathintegrated values in matching the measured pathintegrated values to estimate the emission rate.
Measurement results and emission rate estimation A. Stability determination.
The release of the SF6 tracer must, theoretically, coincide in time and space with the FTIR measurement.
However, in view of the fact that the FTIR is a continuous monitor with a half-hour period data-collection rate, it is not necessary to carry out SF6 release in a continuous-mode 24-h period. Nevertheless, for the purpose of precision, the release times of SF6 should be as many as possible.
During the measurement (Table 1) , eight SF6 releasing tasks were performed at different places and time. Table 4 summarizes the relative time and places of SF6 releasing activity. The prepared concentration of SF6 tracer mixed in an N2 buffer was 1%. A mass-flow controller (10 SLPM range type) was used to maintain a constant release rate of 5.61/min. The FTIR beam path was longer than 150 m. The SF6 reference spectrum used here was the laboratory-calibrated spectrum with an integrated band strength of 4439 atm 1 cm 2 within 920 cm 1 and 960 cm'. This band strength value was compared with that of a commercial SF6 spectrum provided by Infrared Analysis Inc. The band strength value of the commercial spectrum was 4413 atm 1 cm 2. The difference in these two values was less than 1%. Figure 4 , one of the results that was measured at site B, shows a model prediction of the SF6 concentration (g m3) along with the FTIR beam path (km) with a spacing of 2 m. Each curve of Fig. 4 presents the point concentration under a different stability condition. The area under the curve is equal to the path-integrated value of the FTIR measurement. Two of the closest curves in Fig. 4 have a different area value that is smaller than 20% ((stability 1-stability 2)/ stability 1). Consequently, an incorrect stability decision results in a 20% error in estimating the emission rate.
The result of a stability determination is summarized in Table 5 . The overall results of the stability decision follow the criteria of step 2 and ref. 12.12 Except for the results of site D, most of the stability decisions are between C to E. The stability of site D is close to an unstable condition, even during the night time. The reason is probably due to an irregular variation in the wind direction during a measurement at site D. B. Emission rate analysis. Figure 3 shows a time series of a VOCs quantitative analysis at site B and site A. It basically contains two types of emission patterns. The detection of benzene, cyclohexane and 1,3-butadiene is very cross-correlated in the timing coincidence. It was hypothesized that these three pollutants came from the same emission source. This emission source has been traced to the attributed plant, and it has been confirmed that the attributed plant does utilized these three chemicals. Recognition of the timing correlation emission pattern is a very useful method for identifying the emission source in the process of tracking pollutants. Hexane and ethylene oxide pollutants have the same timing correlation emission pattern that tracks back to the other isolated emission source.
For the case of site B, according to Table 5 , the most possible daytime stability at site B is D, and the nighttime stability at site B is E. An application of such P-G stability may cause a maximum error range from 0 to 40%. It is necessary to again emphasize that the tracer stability decision must be as close to that atmospheric stability when the FTIR data are collected as possible. Once the stability of atmosphere is known, the downwind concentration of the pollutants can also be estimated by the PAL model. After comparing all of the estimated concentrations with the measurement values, the pollutants emission rate can be calculated in the model scaling process. During the calculation, the exact distance of the relative positions should be known. To solve this problem, the distance between the source area and the sensor is calculated from a photo taken from an aircraft. The wind direction and speed are supplied by a movable meteorological station near to the FTIR sensor. Figure 5 (a) shows the results of an emission rate estimate. The results of the emission rate estimate show that cyclohexane has a year maximum emission of 150 t per year. Benzene has an annual emission of 52 t, and butadiene has a maximum annual emission of 31 t. Hexane and ethylene oxide have maximum emission rates of 1.8 g/s and 4 g/s, respectively. Care must be taken when deriving the amount of annual emission; in the case of the rubber plant, the measurement concentrations of some compounds (e.g. benzene, butadiene, cyclohexane) under one wind direction were nearly constant. This means that the emission from the related source may be a continuous source, and this is why we can use the emission rate to calculate the annual emission amount. In contrast to these compounds, the emission of hexane and ethylene oxide from a rubber and EO plant Fig. 1 . Fig. 4 path.
Predicted SF6 concentration along the FTIR beam Table   5 SF6 tracer predict stability value (A -F) , and FTIR sensor measurement values at different sites is instantaneous. It is proper to report the data in the form of the emission rate rather than in annual amount.
Another noticeable point regarding the result of the emission-rate analysis is that the emission rate of pollutants can be further validated when the emission rate is reproducible at several different downwind points. The fugitive concentration and emission rate can be measured and estimated, respectively, by the FTIRsensor and dispersion model at different downwind positions and times. On the other hand, due to a change in the wind direction or a limit due to topography, it is impossible, and not necessity, to always take all of the measurement at the same place. Even if the set-up position is changed, the emission rate can still be estimated as long as the pollutants are detected. For example, Fig. 3(b) shows that propylene pollutants were detected at site A and site B. The timing correlation emission pattern shows the same track of the emission source. The different concentrations indicate the detection of propylene at different downwind positions. Figure 5(b) shows that the estimated propylene emission rate of a PE plant in site A was about 18 g/ s during the afternoon; the same emission source that is estimated in site B shows a 21 g/ s emission rate during the afternoon. This result gives about a 15% error in the emission-rate estimation. Such an error analysis should be used in an emission-rate estimation of the emitted pollutants. 
